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Abstract Some drought years over sub-Saharan west
Africa (1972, 1977, 1984) have been previously related to a
cross-equatorial Atlantic gradient pattern with anomalously
warm sea surface temperatures (SSTs) south of 10N and
anomalously cold SSTs north of 10N. This SST dipole-
like pattern was not characteristic of 1983, the third driest
summer of the twentieth century in the Sahel. This study
presents evidence that the dry conditions that persisted over
the west Sahel in 1983 were mainly forced by high Indian
Ocean SSTs that were probably remanent from the strong
1982/1983 El Nin˜o event. The synchronous Pacific impact
of the 1982/1983 El Nin˜o event on west African rainfall
was however, quite weak. Prior studies have mainly sug-
gested that the Indian Ocean SSTs impact the decadal-scale
rainfall variability over the west Sahel. This study dem-
onstrates that the Indian Ocean also significantly affects
inter-annual rainfall variability over the west Sahel and that
it was the main forcing for the drought over the west Sahel
in 1983.
Keywords Sahel  Drought  Rainfall  SST 
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1 Introduction
Many studies have documented the existence of strong
inter-annual to decadal-scale rainfall variability over sub-
Saharan west Africa (Ward et al. 1999). Since the early
1970s, sub-Saharan west-Africa has suffered from a pro-
longed drought that has/had large, mostly negative, impacts
on agriculture, industrial development, human health, and
hydro-power production. The prolonged drought has also
caused migration problems. Better predictions of the west
African monsoon and better understanding of its sensitivity
to various forcings could have large social and economic
benefits if used to help ameliorate some of these drought
impacts.
The causes of sub-Saharan west Africa rainfall vari-
ability are not been completely understood, but observa-
tional and model-based studies show that rainfall
variability is associated with regional and global SST
anomaly patterns. SST anomalies in the Atlantic (Lamb
1978a, b; Hastenrath 1984; Lamb and Peppler 1992;
Ward 1998; Vizy and Cook 2001, 2002), in the Pacific
(Janicot 1996; Rowell 2001), in the Indian Ocean (Palmer
1986; Shinoda and Kawamura 1994; Bader and Latif
2003; Lu and Delworth 2005), and in the Mediterranean
(Rowell 2003) have all been shown to have a demon-
strable impact. Folland et al. (1986) linked near global
changes in sea surface temperatures (SSTs) to Sahelian
rainfall variability. The anomalies include relative chan-
ges in SST between the hemispheres. Lamb (1978a, b)
and Lamb and Peppler (1992) presented case studies of
tropical Atlantic atmospheric and oceanic conditions
during the sub-Saharan-deficient rainy seasons 1972,
1977, 1983, 1984. One of their key result for the drought
years 1972, 1977, 1984 included a distinctive basin-wide
Atlantic cross-equatorial SST gradient pattern with warm
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anomalies to the south of 10N and cold anomalies
between 10N and 25N. The role of the SST dipole-like
pattern in the tropical Atlantic in causing extremely
deficient rainfall over the Sahel was also confirmed by
Palmer (1986). The third largest summer drought in 1983
was not associated with a similar Atlantic SST dipole-like
pattern (Lamb and Peppler 1992).
Given that the Atlantic SST gradient does not appear to
be the dominant forcing of the negative rainfall anomalies
over the west Sahel in 1983, a possible alternative is the
eastern tropical Pacific SST anomalies associated with the
1982/1983 El Nin˜o. Studies by Janicot (1996) and Rowell
(2001) linked positive tropical Pacific SSTs to drought
conditions in the Sahel. We will assess the role of tropical
SST anomalies in forcing the 1983 rainfall anomalies over
west Africa by analysing observational/reanalysis data and
the output of ensemble experiments with an atmospheric
general circulation model (AGCM).
2 Observational data
Two observational rainfall data-sets are used. One is the
gauge based CRU TS 2.1 data-set (Mitchell and Jones
2005). It is a land-only global, gridded, monthly data-set.
The spatial resolution is 0.5 9 0.5. It covers the period
1901–2002. The second rainfall set is the global, monthly
CPC Merged Analysis of Precipitation (CMAP) data-set
(Xie and Arkin 1996). Values are obtained from five
kinds of satellite estimates (GPI, OPI, SSM/I scattering,
SSM/I emission and MSU). The data is 2.5 9 2.5
gridded and covers the period 1979–2005. The SSTs used
in this study are the HadISST1.1 SSTs (Rayner et al.
2003). It is a global, gridded, monthly SST data-set in
1 9 1 spatial resolution and its temporal coverage is
from 1870 to present. The NCEP/NCAR Reanalysis data
(Kalnay et al. 1996) is used for the wind fields and was
provided by the NOAA/OAR/ESRL PSD, Boulder, CO,
USA, from their Web site at http://www.cdc.noaa.gov/.
The analysis will mainly focus on the boreal summer
season July–September (JAS). Anomalies are computed
relative to the Atmospheric Model Intercomparison Pro-
ject II (AMIP2) climatology period (January 1979–Feb-
ruary 1996). Several indices have been defined. The west
Sahel is defined from the west coast to 10E and from
12N to 20N (see marked region in Fig. 2a). The
NINO3-region in the Pacific is the area-average from
90W to 150W and from 5S to 5N and the eastern
tropical Atlantic region from 10W to the west coast of
Africa and from 10S northward to the coast of Guinea.
The Indian Ocean index is computed from the east coast
of Africa to 120E and from 30S northward to the south
coast of Asia.
3 Observations
Figure 1 shows the annual cycle of observed (CRU) pre-
cipitation over the west Sahel. The rainfall over the west
Sahel is strongly seasonally dependent in both the obser-
vations and in the model output. Most of the annual rainfall
occurs during summer. Rainfall over the west Sahel is
associated with south-westerly monsoonal winds that blow
from the tropical Atlantic to west Africa (Fig. 2a). Smaller
rainfall amounts occur in the adjacent surrounding months
(May, June and October).
Figure 3 shows the area-averaged summer (JAS) rainfall
anomaly over the west Sahel based on the CRU data-set.
The drying trend from the 1950s to the mid-1980s is evi-
dent with some recovery toward climatology in the years
since the mid-1980s. 1983 was an extremely dry year in the
west Sahel. Figure 4 shows a map of the 1983 summer
precipitation anomaly in the CMAP data-set relative to the
climatological mean. During the summer of 1983, the
rainfall was substantially below average over sub-Saharan
west Africa. The rainfall over the Indian Ocean was
exceptionally high. Figure 5 shows the observed SST
anomalies during the summer of 1983 relative to the
AMIP2 climatology period (1979–1995) using the Hadley-
SST-data-set. The SSTs in the eastern tropical Pacific were
warmer than normal during the summer of 1983 and have a
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Fig. 1 Annual cycle of precipitation averaged over the west Sahel
(mm/day). The west Sahel index is computed over the region from
15W to 10E and from 12N to 20N. The solid curve shows the
observed seasonal cycle and the dotted curve the simulated seasonal
cycle by ECHAM5. The observation is based on the CRU data-set and
the simulated is based on our control integration. For better
comparision the seasonal cycle for the observations is computed
over the period 1979–1995
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spatial pattern characteristic of an El Nin˜o. Figure 6 shows
the time-series for the NINO3-index in the eastern tropical
Pacific for (a) the summer (JAS) and (b) winter (DJF)
season. Eastern tropical Pacific SSTs were warmer than
normal during summer 1983 but not exceptional (Fig. 6a).
The central Pacific has already cooled (Fig. 5). Tropical
Pacific 1982/1983 winter (December–February) SSTs in
the NINO3 region are the second warmest in the period of
the Hadley SST data-set (Fig. 6b).
1983 summer SSTs in the tropical Atlantic do not show
the cross-equatorial SST-gradient pattern characteristic for
the Sahelian droughts in 1972, 1977 and 1984 (Lamb
1978a, b; Palmer 1986, Lamb and Peppler 1992). The SSTs
in the eastern tropical Atlantic near the Guinea Coast were
colder in the summer of 1983 compared to the 1979 to
1995 reference period. The 1983 summer SSTs in the
tropical north Atlantic were not strongly anomalous
(Fig. 5). Figure 6c shows time series of average eastern
tropical Atlantic SSTs during summer 1983. The eastern
tropical Atlantic shows a warming trend in recent decades.
The SSTs were colder than normal during the summer of
1983, but were not exceptionally.
The 1983 summer SSTs in the Indian Ocean were
exceptionally warm (Fig. 6d). The Indian ocean summer
SSTs show a warming trend since the 1950s. Even after
removing the general warming trend in the Indian Ocean the
1983 SSTs stand out as a significant inter-annual anomaly.
The 1983 summer SSTs in the Indian Ocean were the third
warmest during the 1870–2005. It is likely that the strong
Fig. 2 Upper figure shows the simulated summer (JAS) horizontal
wind [vectors (m/s)] and the geopotential height [shading (gpm)] in
our control integration in 925 hPa. Lower horizontal wind (m/s) and
geopotential height response (gpm) of the Indian ocean experiment
(Indian ocean experiment minus control integration)
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Fig. 3 observed summer (JAS) rainfall anomaly over the western
Sahel (see text for details) based on the CRU data-set (mm/month).
Grey bars indicate seasonal means, the line the 11-year running mean
of the summer rainfall and the black bar indicates the rainfall
anomaly in the year 1983
Fig. 4 Observed JAS precipitation anomaly during 1983 relative to
the climatological mean (1979–1996), based on the CMAP data-set
(mm/day)
Fig. 5 Observed JAS SST anomaly in the tropics during 1983
relative to the climatological mean (1979–1995) based on the Hadley
SST data-set (Kelvin)
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Indian Ocean SST anomalies observed during the summer
1983 were forced remotely by the SST anomalies in the
Pacific during the strong El Nin˜o event 1982/1983 (Tourre
and White 1995; Chiang and Sobel 2002; Figs. 5, 6b). An
analysis of the origin of the Indian Ocean SST anomalies is
considered to be beyond the scope of this paper.
4 Model/experiments
The role of the different SST anomalies in the tropical
Atlantic, Indian and Pacific Ocean basins in determining
sub-Saharan west African rainfall during summer 1983 is
investigated by means of an ensemble of atmospheric
model experiments. The model used in this case study is
the global AGCM ECHAM5 (Roeckner et al. 2006). A
substantially more detailed description of the model
ECHAM5 is given in a technical report (Roeckner et al.
2003). The atmospheric model is run at T42 (&2.8 9
2.8) horizontal resolution with 19 vertical levels. The 12
observed monthly SST fields of the year 1983 were pre-
scribed in different ocean basins: the tropical Atlantic, the
tropical Indian, the tropical Pacific, and both the tropical
Atlantic and Indian Oceans (Fig. 7). In all other ocean
areas the climatological AMIP2 SSTs are used. The SST
anomalies in the tropics are obtained from the Hadley-SST-
data-set (Rayner et al. 2003). All other external forcings
(e.g. greenhouse gases, solar radiation) are the same for all
integrations. The experimental setup of the individual
simulations differs only in the SST forcing. Results are
obtained from a set of 21-year long SST sensitivity
experiments. The results are averaged over the last twenty
years and only the mean July–September (JAS) response
(sensitivity run minus control integration) is shown here.
1880 1920 1960 2000
24
25
26
27
year
Ce
lsi
us
1983
(a)
1880 1920 1960 2000
24
25
26
27
28
year
Ce
lsi
us
1983
(b)
1880 1920 1960 2000
23
.0
23
.5
24
.0
24
.5
year
Ce
lsi
us
1983
(c)
1880 1920 1960 2000
25
.2
25
.6
26
.0
26
.4
year
Ce
lsi
us
1983
(d)
Fig. 6 a Observed summer
(JAS) and b winter (DJF)
NINO3-SST-index, c observed
summer (JAS) eastern tropical
Atlantic SST-index; d observed
summer (JAS) Indian Ocean
SST-index. The grey curves
denote seasonal values the black
curves an 11-year running
mean. The year 1983 is marked
by a circle. The data is based on
the Hadley SST data-set
(Celsius)
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Fig. 7 The four SST anomaly patterns used in the response
experiments (Kelvin). a The Atlantic part, b the Indian Ocean part,
c the Pacific part, and d the Atlantic-Indian Ocean SST anomaly
observed during the JAS period 1983
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A 20-year control simulation forced by the AMIP2 cli-
matological SSTs serves as the reference run. Figure 1
shows the annual cycle of the observed and simulated
precipitation over the west Sahel. The solid line shows the
observations (CRU) and the dotted line the simulated west
Sahel rainfall from the control integration. The model
(dotted curve) reproduces the observed annual cycle (solid
curve) reasonably well. The simulated precipitation curve
matches the observations well during spring and summer
and reproduces the rainfall maximum in August. The
model overestimates the rainfall in late summer/autumn,
especially in September.
AGCMs (including ECHAM5) tend to underestimate the
interannual and decadal rainfall variability over west
Africa (Schnitzler et al. 2001; Giannini et al. 2003). This
might be due to the coarse resolution of the models and/or
because of missing or inaccurately parametrised physical
features like dynamic vegetation and convection. Zeng
et al. (1999) showed that land surface feedback increases
the precipitation variability over the Sahel on inter-annual
and inter-decadal time-scales.
5 Results
Our first experiment is performed by forcing the model by
the Pacific SST anomalies only (Fig. 7a). The experiment
does not show a clear direct (via the atmosphere) impact on
sub-Saharan west Africa rainfall in response to SST
anomalies in the tropical Pacific during summer 1983
(Fig. 8a). The rainfall anomalies that result from the Pacific
SST forcing have the opposite sign than those observed
over most regions of sub-Saharan west Africa. Strong
tropical precipitation and circulation responses are limited
to the equatorial Pacific Ocean which is characterized by a
sharp east-west SST-gradient.
The second SST sensitivity experiment is forced by
Atlantic SST anomalies of 1983 (Fig. 7b). The Atlantic
SST anomalies in 1983 are characterised by cold SST
anomalies in the eastern tropical Atlantic region, but the
cross-equatorial SST gradient pattern characteristic of
other extremely dry years in the Sahel (Lamb 1978a, b;
Palmer 1986; Lamb and Peppler 1992) is absent. The
model’s rainfall response (mm/day) to Atlantic SST
anomalies shows a significant rainfall reduction along the
Guinea Coast at the 95%-confidence-level according to a
two-tailed t test (Fig. 8b, significance is indicated by
shading). The response of west African rainfall is mainly
restricted along the Guinea Coast and there is no clear
response in rainfall over the west Sahel. Figure 9 shows the
corresponding response of horizontal moisture divergence
in a latitude-height cross-section averaged from 15W to
10E. There is a significant reduction in moisture
convergence in the boundary layer along Guinea Coast. A
significant reduction in the vertically integrated specific
humidity (precipitable water) is simulated in the source
region for rainfall associated with the west African mon-
soon—the tropical Atlantic—and along Guinea Coast
(Fig. 10). A reduction in evaporation (not shown) due to
the colder SSTs in the eastern tropical Atlantic seem to be
the main cause of the reduction in precipitable water in the
boundary layer over the tropical Atlantic (not shown). The
reduction in precipitable water along the Guinea Coast is
associated with a reduced humidity flux from the tropical
Atlantic to west Africa (Fig. 10). The experiment indicates
that reduction of moisture transport by the monsoon cir-
culation is the main cause of the rainfall reduction along
(a)
(b)
(c)
(d)
Fig. 8 Simulated summer (JAS) rainfall anomaly pattern (mm/day)
for a the Pacific Ocean experiment, b the Atlantic Ocean experiment,
c the Indian Ocean experiment, d the Atlantic plus Indian Ocean
experiment. Shown are anomalies relative to the control integration
forced by climatological SSTs. Values that exceed the 95%
significance level according to a two-tailed t test are shaded light
for negative anomalies and dark for positive. The contour interval is
0.5 mm/day
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Guinea Coast. However, the impact of the 1983 tropical
Atlantic SST anomalies seems to be mainly limited to the
coastal region extending up to 10N.
In the third experiment, the forcing is restricted to the
tropical Indian Ocean (Fig. 7c). The warmer Indian Ocean
SSTs during the summer 1983 lead to strong positive
rainfall anomalies over the Indian Ocean (Fig. 8c). This is in
general agreement with the observations (Fig. 4), confirm-
ing a relationship between warm SSTs and more rainfall
over the Indian Ocean in the model during the summer of
1983. Significant rainfall reductions are simulated over the
west Sahel (Fig. 8c). The computed area-averaged west-
Sahel rainfall index—indicated by the box in Fig. 2—shows
a significant reduction over the west Sahel at the 95%
confidence level according to a two-tailed t test. The large-
scale response to the warming in the Indian Ocean is a
stationary equatorial Rossby-wave-like-pattern in the
upper troposphere centred over the western Indian Ocean.
Figure 11a shows the 200 hPa eddy stream-function
response of the Indian Ocean experiment relative to our
control integration and Fig. 11b the 850 hPa eddy stream-
function response. The eddy stream-function is defined as
the deviation from the zonal mean. The 850 hPa pattern
shows a quadrupole response with two cyclones over Africa
and two anti-cyclones over the Indian Ocean. The upper
troposphere pattern is more or less reversed—although less
clear than the lower tropospheric pattern—indicating a
baroclinic response. This response is similar to the one
found by Rowell (2001), where a stationary equatorial
Rossby wave-like pattern was forced by convective heating
anomalies over the Indian Ocean. Figure 12 shows the
simulated summer anomalies in horizontal winds and hor-
izontal divergence in 200 hPa in the Indian Ocean experi-
ment, which suggests an association of the simulated
rainfall enhancement over the Indian Ocean and eastern
Africa with divergence in the upper troposphere. The upper
tropospheric velocity potential response shows the center of
the anomalous divergent flow over the western Indian
Ocean (not shown). The figure also shows anomalous
Fig. 9 Height-latitude cross-section of the response in simulated
horizontal moisture divergence averaged from 15W to 10E for the
Atlantic experiment [g/(kg s)]. Shown are anomalies relative to the
control integration forced by climatological SSTs. Only significant
changes in horizontal moisture divergence at the 95% significance
level according to a two-tailed t test are shaded. Dashed contours
represent negative values of the horizontal moisture divergence and
solid lines positive: dashed curves mean moisture convergence and
solid moisture divergence
Fig. 10 Response in simulated vertically integrated specific humidity
(precipitable water) in kg/m2 and vertically integrated humidity flux in
mg/(skg) for the Atlantic experiment. Shown are anomalies relative to
the control integration forced by climatological SSTs. Only signi-
ficant changes in precipitable water at the 95% significance level
according to a two-tailed t test are shaded. The vectors show the
response in the vertically integrated humidity flux
(a)
(b)
Fig. 11 The summer JAS 200hPa and 850hPa stream-function
anomaly patterns (m2/s) for the Indian Ocean experiment. Shown
are the simulated anomalies relative to the control integration forced
by climatological SSTs. Light shading indicates anomalies exceeding
5 9 105 and dark shading represents anomalies lower than -5 9 105
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200hPa winds that are predominantly easterly or south-
easterly blowing from the Indian Ocean to the west Sahel,
which is similar to the south-easterly wind anomaly pattern,
observed in the NCEP-NCAR reanalysis data during the
summer of 1983 (Fig. 13). The Indian Ocean experiment
underestimates the magnitude of the wind anomalies sub-
stantially. The horizontal wind anomalies converge over
Africa west of approximately 25E in the upper troposphere
(Fig. 12). Figure 14 shows anomalies in the Indian Ocean
experiment of the summer horizontal wind divergence
averaged over a west African cross-section from 12N to
20N. The horizontal wind anomalies produce significant
convergence over the west Sahel in the upper troposphere
centred approximately at the 200 hPa level. The conver-
gence in the upper troposphere leads to large scale ano-
malous subsidence below the maximum convergence due to
continuity (Fig. 15). Large scale anomalous subsidence
suppresses convection by increasing the stability due to
adiabatic warming in the troposphere. The NCEP reanalysis
data show indeed reduced ascent over west Africa during
the summer of 1983 compared to climatology (1979–1995)
confirming our model results (not shown). Figure 15 shows
a longitude-height cross-section of the summer 1983 zonal
and vertical wind anomalies along the line—shown in the
upper panel—in the Indian Ocean experiment. It indicates a
thermally driven circulation with upward motion over the
Indian ocean/east Africa, easterly winds in the upper tro-
posphere and downward motion over the west Sahel. The
return flow from the west Sahel toward the east is not at the
surface but is centred around the 800 hPa level, approxi-
mately at the level of the African Easterly Jet (AEJ). The
circulation response is similar to the Indian Ocean forcing
case studied by Lu (2009) using the GFDL model. The
anomalous subsidence also does not extend to the surface
over the west Sahel—the AEJ seems to be a barrier for the
vertical motion. The reduction of the ascent is limited to the
layer between the AEJ and the Tropical Easterly Jet (TEJ).
Nicholson (2009) developed a revised version of the
dynamics of the monsoon circulation over west Africa by
analysing the NCEP reanalysis data, finding that the
Fig. 12 The summer JAS 200 hPa wind anomaly pattern indicated
by the vectors (m/s) and the anomalous horizontal divergence (1/s) for
the Indian Ocean experiment experiment. Shown are the simulated
anomalies relative to the control integration forced by climatological
SSTs Fig. 14 Cross section of the summer (JAS) horizontal wind diver-
gence anomalies averaged from 12N to 20N for the Indian Ocean
experiment (1/s). The xaxis shows the longitude and the y-axis the
height. The contours indicate the horizontal divergence. Positive
values mean divergence and negative convergence. The shading
denotes significant changes at the 95% significance level according to
a two-tailed t test
(a)
(b)
Fig. 13 a The 1983 summer JAS 200 hPa horizontal wind anomaly
pattern in the NCEP reanalysis data (m/s). Shown are the anomalies in
1983 relative to the climatological means over the period 1979–1995.
b The summer JAS 200hPa horizontal wind anomaly pattern for the
’Indian plus Atlantic oceans’ experiment (m/s)
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primary rain-producing mechanism over the Sahel is the
core of ascent lying between the axes of the AEJ and TEJ.
Our Indian Ocean experiment is consistent with this view.
The impact of the Indian Ocean warming reduces the uplift
at these levels. Anomalous westerly winds concentrated at
the level of the AEJ may cause ascent below this level over
the west Sahel (Fig. 15). Anomalous upward motion is
associated with anomalously low geopotential heights over
the Sahel in the levels below the AEJ strengthening the
horizontal geopotential height gradient between the tropical
Atlantic and west Africa and leading to a stronger mon-
soonal circulation, especially from the west coast to Africa
(see lower panel of Fig. 2). The enhancement of the mon-
soon circulation is associated with a local enhancement of
precipitation along the western Guinea Coast. This causes a
weak dipole-like rainfall anomaly pattern between the west
Sahel and Guinea Coast with mid and upper tropospheric
anomalous subsidence associated with Sahel drying and a
near-surface enhancement of the monsoon leading to a
wetter Guinea Coast. This dipole-like pattern is more pro-
nounced in the precipitable water anomalies with a signif-
icant enhancement along Guinea Coast and a reduction over
the west Sahel (not shown). Since the monsoon circulation
is intensified and the rainfall over the west Sahel is reduced
we believe that the subsidence induced by the Indian Ocean
warming is the main cause of the rainfall decline. The
induced subsidence over the west Sahel does not continue to
the surface and therefore does not lead to an increase in
geopotential height in the lower troposphere which could
trigger a weaker monsoon circulation to west Africa. Thus
the weakening of the west Sahel precipitation in our Indian
Ocean experiment is caused by anomalous subsidence in the
middle and upper troposphere and not by a reduction in the
monsoonal circulation to west Africa.
The Atlantic plus Indian Ocean experiment shows a
clear rainfall reduction over both areas—Guinea Coast and
the west Sahel (Fig. 8d). It seems that the separate
responses to both the Indian and the Atlantic SST ano-
malies can be combined to first order to explain the
observed rainfall reduction over sub-Saharan west Africa in
1983 (Fig. 4). This study indicates that the warming in the
Indian Ocean caused the rainfall reduction over the west
Sahel and eastern tropical Atlantic SSTs the rainfall
reductions along Guinea Coast. The difference between the
superposition of rainfall anomalies in the separate Atlantic
and the Indian Ocean experiments and those resulting from
the combined Indian plus Atlantic Ocean experiment are
not significant in most parts of sub-Saharan West Africa
(not shown). We cannot rule out that the 21-year integra-
tion time of the simulations are not long enough to extract
the non-linear effects, however, the superposition of the
two separate experiments produces a too strong negative
rainfall anomaly along the coast of west Africa compared
to the combined experiment and a too weak negative
rainfall anomaly in the eastern part of the west Sahel (east
of 10W).
6 Discussion and conclusions
In this paper, we have demonstrated that both Indian and
eastern tropical Atlantic Ocean SSTs can play a significant
role in forcing rainfall anomalies over sub-Saharan West
Africa on inter-annual time scales and that just such a sit-
uation occurred during summer of 1983. We would be
remiss if we did not point out that Indian Ocean SST
anomalies observed during the summer of 1983 were highly
unusual and that our results may only be useful in this
context and should not be generalised. We do not imply that
SST variability in the tropical Atlantic and Indian Ocean
solely explains rainfall variability over sub-Saharan West
Africa, but rather that the combined SST forcing can, at
least in certain years, be an important driving force of
sub-Saharan West Africa rainfall variability.
Pacific SST anomalies were not able to directly—via the
atmosphere—force rainfall anomalies similar to those
Fig. 15 Cross-section of the summer (JAS) zonal-vertical wind
response for the Indian Ocean experiment (Indic experiment minus
control integration) along the line shown in the upper figure. The
vertical wind anomaly (omega) has been scaled by a factor of -100.
The units of the zonal wind is m/s and the vertical wind (omega) is
in Pa/s
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observed in the summer of 1983 over sub-Saharan West
Africa. The role of variability in tropical Pacific SSTs
might be more indirect in this case—a strong El Nin˜o event
that was concentrated in the boreal winter of 1982 and
spring of 1983 may have had a remanent effect on forcing
the Indian Ocean SST anomalies observed in the summer
of 1983 (Tourre and White 1995). Air-sea interaction in the
Indian Ocean may be important in this respect (Webster
et al. 1999). The SST anomalies in the eastern tropical
Atlantic were probably paramount for the rainfall along
Guinea Coast, whereas the Indian Ocean was instrumental
in causing the drought over the Sahel during the summer of
1983. Colder SSTs in the eastern tropical Atlantic and the
associated reduction in water vapour content of the lower
troposphere seem to be the main cause of the rainfall
reductions along Guinea Coast. The impact of Atlantic SST
anomalies on West African rainfall during the boreal
summer of 1983 seems to be meridional confined to
approximately 10N. Reductions in rainfall during the
summer of 1983 north of this latitude were linked to
changes in the large-scale atmospheric circulation resulting
from an anomalously warm Indian Ocean. The warming in
the Indian Ocean caused large scale subsidence in the
middle and upper troposphere over West Africa that sup-
pressed convection.
Our results may at a first glance seem to contradict
previous results that suggest a link between eastern tropical
Pacific SST anomalies and Sahelian rainfall. In our Pacific
experiment the warming in the eastern equatorial Pacific is
still appeared—a reminiscent of the 1982/1983 El Nin˜o—,
but the central Pacific had already cooled. The Pacific
forcing used for example by Rowell (2001) is much
stronger than in our experiments. Rowell showed a sig-
nificant change in east Sahel rainfall but more or less no
impact on the west Sahel (see Rowell’s Fig. 6a) when using
composite differences computed over El Nin˜o-years minus
La Nina-years. The weaker east Sahel rainfall response in
our Pacific Ocean experiment may partly be explained by
the weaker forcing.
Our findings concerning the mechanisms related to the
reduction of the rainfall over the Sahel in the experiments
for summer 1983 seem to be consistent with a revised
description of the West African monsoon by Nicholson
2009. Analysing the NCEP/NCAR reanalysis data, she
found that the surface ITCZ is effectively independent of
the system that produces most of the rainfall over the Sahel.
The primary mechanism of rain-production is the ascent
lying between the AEJ and the TEJ. In our Indian Ocean
experiment, rainfall reductions over the West Sahel are
related to reduced ascent in the levels between the lower
(AEJ) and upper-level (TEJ) jets. This paper strengthens the
view that surface ITCZ variability is not necessarily related
to the main rain-producing system over the Sahel.
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